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STRESS FIELDS GENERATED BY KINETIC ENERGY PROJE(XIIX INTERACTION WITH CEFUMIC
TARGETS

Michael W. BURKETT and Donald A. RABERN

Two4txnsional axisymnxrnc cakuhions were performed with the Eukian hydrocodc MESA2D and the Qparrgiart
structuml analysis code PRONT02D. The calcuhtcd sucss distributions were compared shortly after impact and found to
bc similar in magnitude and profile. For certain gcormtric configurations, the intaaction of k kinetic energy pcnctrators
with t.!! ceramic targets ~roducc high c.anprcssivc @cipal stresses as well as, significant tensile pincipal stresses ahead
of the Pjcctilck.cmmic tntcrfacc. ‘IM pMci@ tensile stresses fmcturc the ceramic ahead of the pcnctrator. ‘llc crack
trajcctcmicsmcasumd from a xtc.ovcrd ccramc targa were uxnparcd with crack uajcctrxy estimates basal upon MESA2D
principal stress states within the tk ~c fracture prcccm degrades the ceramic and allows the Drojccti]e to pcnctratc a
fmctuid ceramic m.dia.

1. 131TAODUCI10N

CcmrTdcshave &en considered camlidatc armor

materials bc.cause of cctin mechanical propcrtk and

obsctvcd performance during bsd,listictesting. Low

densities, high shear modrdi, and cornprcssivc strcnglhs arc

a few of the rnatcrial pmpcrdcs that make ccrnrnics desirable

arnwrx especial.ly ●gainst kinetic mcrgy pcncrralors,

However, low tendlc strengths often prcvem ceramics from

achiting lhcir u.ltimatc potda.1 as an armor material,

In recent years, the lrttcrcsI In undastanding the behavior

of ceramic s during 4ynamic loMng/deformation ha.

inti. Scvcml institutions have pcrfomwf indepcrschl.

asscwncnts of various ccramlcs’ ballistic pcrfomncc. 1‘3

Also, chamctcrizaticm of cearnics unda different louding

conditions has bocn irtvcstigalcd.4~ A complete expluitition

of the bchavkx of cuarnica during dynamic Iouding rind

dcfcmmrnlionevents has not yet ken formulumd.

Rcscnrch [hat combines cxpcrinscnurl and arwly[icnl

efforts can bc employed to ob~in addi[ionul il~sighlsinm

ccmmic armor behavior, In our s[udy, wc invcs[igutd dIc

rcspomc d a candidnte armor mnlcrinl II)ml inq)w.1iIINl

prmial pch-n[ion by a high-density loIIg.IIxl I)cl)c[l;r[i)r

(LRI’) cqxrimcntrdly and Urudy[icully. Wc rccovcIcd Ihc

cemrnx [ile from a ballistic Icsl irr which IIw I,Rl) cu~:lgcd

die tnr~c’ and penetrated a fcw nd dinlnclcrs, ‘1’h~tctlwcrctl

rile wot smhilimd will) clm)xyund scc’li(mtxlIIIIrvc:Il [lIc

cxlcru IJIdmIur~c mId Ihc muck (nlcl)rnliotls, ‘IIIc I)lll}(”ilml

stlcss rliflribulmll nnd twiclllflli{mwns vIIlt’Illillc(l wi[ll

MlLSA7.1)(’for c(}r~llmiiwmwith IIIC(dNcI v,, I CI mk

orientation and extent of dnrnage found in (he sccthncd tile.

Also, wc compared the general sucss field distribution

calculated witl, MESA2D (an Eulcrian hydromdc) widr drc

stress distribution calculated with PRONT02D7 (a

@r-angian structural malysis ctic) to ensure the velidity of

the hydrocodc stress field,

2, BALLISTIC IMPACT’ EXPERIMENT

2.1, Impact Conditions

A ballistic impact cKpcrhnc!’rI was performed 10

hvcstigtuc drc response of an aluminum oxide (AIz~)

ccmmic when cngaqd by a high-density LRP, Ilc censrtiif:

wus mmufacmrcd by Coors and was npproximiucly 85 WI%

alumlrra (AD85). The tile was cylindrical: 9.84 cm (3 975-

in,) in diamclcr rind 8,89 cm (3,5 -in,) :hick, Steel

confinement was used to supporl all surfaces of II,: ,;I.. A

().64 crn @.25 -in,) -drick 4340 steel (W 42) covL” OIII!C wrrs

p{~sitionrd on [tic fronl surfncc WliilC u 2,5~,-cr]l ( I ,()-iil,)-

[hick 4340 Imck pltuc was USC(I[o sIIpp(m Ihe ccrnrllius’ rc:ir

surfncc, A n~i]d steel (Alsl 1010)” cylimlcr wus used 10

prwidc Inlcrtil h[ifr less, [)C1/,ollil(nl}Cln)xyhmlcd wuii

ccr:lnlic lwticlc,;) wus U*(1 u) cmurc u li~hl Iil \ illlin Illc

C(mlillcrlrcnl, I;igurr I show! llIc mm! srx’li~)llt)l’II)c

Inrgct. A high dcnslIy pcncmlllv w~IIImI I J) r:l(;i) ()[

~llqm)xilmrl:ly 2 wns uccclcrnicd k: Ihc ().I.1 CIIUIISinlpw’t

vchwiry I)y NAIIIIM)IIIIn)rc IN~wtlcI I!II,I I )vII:IIIII(

m~li{)grnldtywns IN)I used I() rmxn~lIhc II Ilr I ;I(’liot) IW(’IIIIW

wr UWIV Iwilll; rrily Illlcrrs[c(l ill 11){’IIwllllt’ ICI~JIuIw(d 1!.(.

Illr, mltl ntjl ill its hilllistil’ l)ctliltlrlilll~c
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1 -Ccwnic Ttb
2- Mild Steel &al Chhcmcm
3- Mild SIC4 Cads= Cap
4.4340. Rc4W2B~Pluc
5.4140, Rc4042Cmur Flua

Fig. 1 Ceramic target cross section,

2,2, Postwst Target Lnspcction

Following the test, the target wm rccovcrd and

stabilized under vacuunt with an epoxy. After stnbilizstionr

the Iamal confincmcrn wu rcmovd, and vefiicnl und

hw-izmntalsections were made, Figure 2 shows the vertical

.s.mi~ of the posltcst tile, The wction shows no signs of a

residud pwtmtor in the crwer formed by the impart, A

nc[work d’ mucks urc conccIwn.tIcdmound the illl~mctcruwr,

Ohcr crocks (1Icrtziun cone trucks) cnuninu(c fronl Ihc

itnpuc? poinl tst tmglcd u-ujcclofies rnnj:ing tmm () 10 6(W

fmll Ihc vcniuul nnd urc cleurly Visihlc ill this scc~im, ‘I”IIc

horimmml section f;hows rndlnl mid cimunl!crcn(iul trucks

surrounding dIe inli)nct region,

‘l~Ic crack prufitcs fINIndin our [urgcl urc silililnr IL)

pn)filcs f(mnd in brilllc slxxinlcns ftdlowing slillic

ilNlcllldli(}ll Icsts, H,v I:{)r smliu or qunsi. stulic i:l(lclllulio,l

ICsls, Ihr slmss fichl pr(duccd in Ihc clns[ic SlICt’IIIKI)

lwIIcdlh Ilw ill(lclllcr dclcnllims llIc cmltillg flnc’luw

((~l!li~(ll;lli(~ll (d)scIvcd ill IIIC qwcilltctl l’idl(}will~ Ilw Icsl 1(’

Cracks at any point within the specimen tend to pmpogatc

along tmjaxm-ies of lcascr principal srmsscs (obtained from

lhc ChMiCSUC-SSfield@X [0 tiCtU@ ~ Mai.s’Itain

orthogon:diry 10 the maj(x principal tensile component

dircxxion.] 1 Since our ballistic test produced fracture

paucrm similar to rho= found in the indentation tests, we

WMtCd to dctc.mine whcdscr thCdynamic SUCSSftC]d

gcrieratcd by the LRP striking the target was an indicatnr of

the crock paths obsuvcd in the rccovcrcd ceramic dc.

3. ANALYSES OF BALLISTIC IMPA(3 EXPERIMENT

3.1, Modeling Assumptions

We simulated the ballistic impact cxpcrirrsm with the

MESA2D hydmcode. We &WJMCd that the lESpOnSCS of thC

LRP, cover plate, lateral confincmcnt, and backup plwe were

elastic-pcrfcdy-plashc. Th response of the AD85 was

assumed to k elastic, The yield strength of the AD85 was

assured to be 0,044 Mb:tr (4.4 GPa). No attempts were

nude 10simulate the pmpogation of cracks by degrading

elastic material propcrdcs or yield strength, We aswrmi

that the impact could be simulated in axisymmctric gcormtry

with a constant zone sfi of 0.077 cm.
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3,2. Smess Disrnbutions

Contour plots that show the distribution of n.xial,radial,

shear, ad hoop ssress generated by the penetrator shorlly

afwr impact indicate a complex state of stress in the cm.rnic.

At 5 I.LS,tie LRP has nol fully penetrated the wver plate, but

has inducd significant oomprcssivc and tensile strc-ssesin

tic tic in the vicinity of the impact pint. We deded to

i.nvctigatc the state of stress in the ceramic at the earliest

time when the tensile suesscs were of sufficient magniludc

to induce fracture. During adynamic fsacturc cxperiien~

she stress field is continually changing to reflect &

introduction of fracture surfaces within the material. Since

the code has no mcdels that simulate fracture, we wcti

primarily interested in analyzing the sucss state at a time

when the stress levels were of sufficient magnitude to initiate

fmcw.re. The code predicts compressive axial and shear

stresses that are presenl in Lhctile. ‘l%emagnitude of the

axi81 stressesarene-artheassurrral yield strength of the

ceramic, while the maximum shear stress was slighdy above

0.0125 Mbar, Ilc radial and hoop stress fields show

compressive stresses in the tile directly beneath the cover

plate uid tensile SLRSSCSapproximately I cm below the

tilckover plate interfaa. Tensile stress that cxcscdcd the

mrsilc strcng[h O! the ceramic by al Im,st0.008 Mbar

(().8 GPa) were calculated for the radial andhoop stresses.

Tensile smesses of 0,007 Mbar (0,”)GPa) were found in [hc

ceramic. The mrsilc smength of the AD?5 was assumed lo

b 0.0016 Mhtir ((),16 GPa)

3.3. Principal Stress Dirauons and Crick Trujccml ics

The invcstigcttimrof mack rrajcc[ories in dlc ccr~:l~ic

rquird iha[ the magliihxlc ILmldirection of the princitxrl

stress field in the lilt be ctilcuhllcd. We obmincd ]lrilKil)ill

SLM.SS field distributions h dlc ru,ll:d und axiul plnnc of dlc

tile by using [he CCCP12 hydructxlc pos[proccs.mr. Slrcss

conrow plo[s indicxucthe Ilulgni[cdc of the l)rincip; ils[rcsw

in this plane, but nw their dirccli(mal dc[mn(]ctluv. l:s[i[lm[cs

of the crack palhs required I!IIN Ihc plnlm uptm ullicll IIIC

!Cnsilr principal Str?s.scs WI bc Ullcldlllc(l,

IIIcwder [0 show [he ct)itlhincd cll”cc[ 0[ IIIC IJrlnrilml

s[ress magniludc IIIId (Iirccli[m, Ihc (’(X ‘l) c~mlc K ,IS

mvdlfld IU prwlde mrmM v~uw ploIs, ‘1’hc lcI\gIII (JI IIIL-

mtmm- veclm- in pl~}pw~ioliul 1~~lhc SIICSS llll~gllilll(i(, wltilr

the vector orientation indicam the stress direction. Only

tensile principal stress values cxceuiing O.(XI16 Mbar (O.16

GPa) (rnAximum allowable tensile stress) were included to

show the cffmt of d.imction. If the tensile principal sucss

value was less than 0.W)16 Mbar (O.16 GPa), the data was

not included.

Since Cracks at any @nt within the ceramic will

propogate orthogonal to the maximum principal slmss

component direction, we produced tanonhogonal stress

tcctrx plot (vectors orthogonal 10tie maximum principal

stress direction) to show estirtumesof crack trajcc’ories.

figure 3 shows the distribution of the maximum principal

stress in this plane on the right hand side of the frgurc

(RI-M), and the cstimatd mack trajectories (basui upn

principal stress rr,agnitudes cnd dirw.xions) on the left hand

side of thc figw (U-IS). The traje-ctorics near the plane of

symmetry (a radial position of zero) arc zero dcgrccs, and

lhey gradually decrease to approximately 60 degrees as the

radial poskiori approaches 2.0 cm, T%emagnitude of the

tensile principal stresses in Lheregion shown in Fig. 3

ruigcd from 0.0016 to 0.0100 Mbar (0.16 101.0 GPa),
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Ilw estimatedtrajcctcnicsam within the rangeof the Hertzwr.rr

cone crack padts and am located in tic general region

observed in the ceramic target. Cnmful inspection 0: the

stnbilkl cuarnic cross section shows that the magniwdcs

ad tinti of the maximum principal st&es change u

csack.sam initiated. Sonw of the sacks bcgirf propogati~g al

a cmatanttrajectorybut m oflcn terrninamd (try intersecting

o!hcr cracks) w alter dimcaon (as a result of the saws field

reacting to the csack formation and pmpogation), llre

inidation of cracks alters the stress field, which dird y

influences the crack trajeacq.

4. CONCLUSIONS

T.”tirsmsional axisyrnmernc calculations were

perfornmd with the Eukiarr hyclrocode MESA2D and [he

I+t-artgiarr WVmlral analysis code PRONT02D. -f-he

calculateds- fie!ds were cusnparcd a[ early times (prior to

10 W) and found to be similar in magnimdc and profile.

We investigatul cxpmimcntally md ma.lytically, the

rcqxmse of the AD85 alumina ccrarmc to an impact and

_ pcrw=tia by a high-density LRP. The ceramic tile

was ~vcred and stabilized with an epoxy and ~[ioncd 10

reveal dte extent of damage and truck orienm[ion. The

principal stress disu-ibuhs and oricnkuion were cirlculo(cd

with MESA2D, lle hydrcmdc prcdic[cd principul icnsilc

stresses oi ,ufTlcicn[ magnitude 10 induce fracu.rrc, “llc

hyd.rcccde estimate; of crack trujcctorics ml truck positi~,:l

(Icsxion of cnwks wi[hin tile) are within [hc rnngc of VUIUCS

for some of Ih: cone cracks found itl the scctioncd [ilc, ‘llc

cstimsrlcd crack palhs Md Imxtiom wrxc Imscd upoII Ihc

principul rtrcss SKSICwi[hin [he ccmnliu,
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